ABSTRACT Anorexia nervosa is a psychiatric disease characterized by a low-weight state due to self-induced starvation. This disorder, which predominantly affects women, is associated with hormonal adaptations that minimize energy expenditure in the setting of low nutrient intake. These adaptations include GH resistance, functional hypothalamic amenorrhea, and nonthyroidal illness syndrome. Although these adaptations may be beneficial to short-term survival, they contribute to the significant and often persistent morbidity associated with this disorder, including bone loss, which affects .85% of women. We review the hormonal adaptions to undernutrition, review hormonal treatments that have been studied for both the underlying disorder as well as for the associated decreased bone mass, and discuss the important challenges that remain, including the lack of long-term treatments for bone loss in this chronic disorder and the fact that despite recovery, many individuals who experience bone loss as adolescents have chronic deficits and an increased risk of fracture in adulthood. (Endocrine Reviews 39: 895 -910, 2018) 
A norexia nervosa is a psychiatric disorder characterized by low body weight due to selfinduced undernutrition. This disease predominantly affects women, with a lifetime prevalence approaching .% (). Typically presenting during adolescence (), the long-term recovery rate for anorexia nervosa is low. Only % to % of women with anorexia nervosa have recovered even two decades after the initial diagnosis, and therefore the disease is also prevalent in older individuals (, ).
Anorexia nervosa is associated with multiple medical complications and comorbidities, the most common of which is significant loss of bone mass (). Almost % of women with anorexia nervosa have bone mineral density (BMD) values . SD below the mean of comparably aged women (, ). Studies of bone microarchitecture and geometry in individuals with anorexia nervosa demonstrate that this disease affects both cortical and trabecular bone compartments; adolescent girls with anorexia nervosa have decreased cortical area and thickness and increased cortical porosity and trabecular separation, as well as reduced estimates of bone strength compared with normal-weight controls (, ), and these differences in microarchitectural parameters have been shown to be independent of BMD (). Similarly, adult women with anorexia nervosa have worsened trabecular and cortical parameters compared with normal-weight controls, including decreased trabecular number and thickness, increased trabecular separation, and decreased cortical thickness as well as lower estimates of bone strength (-). Importantly, the low bone mass and impaired microarchitecture are associated with an increased risk of fracture in both adults and adolescents with this disease (-).
In anorexia nervosa, loss of bone mass is the result of hormonal adaptations to the state of starvation. Our evolutionary past was marked by periods of famine, and therefore several hormonal adaptations have evolved that minimize the utilization of energy on processes not necessary for survival, including reproduction and growth. Both starvation and anorexia nervosa, a form of chronic undernutrition, are characterized by hypogonadotropic hypogonadism, GH resistance, and hypercortisolemia, all of which confer a survival advantage in the short term in the setting of extreme nutrient deficiency. However, these factors also contribute to low bone mass and an increased risk of fracture in the long term. Nearly % of adolescent and adult women report a past history of fracture (, ), and a prospective study of young women with anorexia nervosa demonstrated a sevenfold increased risk of fracture when compared with similarly aged normal-weight women (). Because anorexia nervosa presents most commonly during adolescence, a critical time for bone accrual, and because of the chronicity of the disease, the risk of fracture persists many years after diagnosis, as demonstrated by a population-based cohort study that found a % cumulative incidence of fracture in individuals with anorexia nervosa (). Therefore, understanding the hormonal adaptations to undernutrition and how they contribute to the prevalent bone loss and fracture risk will be critical to determining strategies to prevent these complications. In this review, we discuss the hormonal perturbations that occur during periods of nutrient deficiency, their effect on bone mass, and potential hormonal and nonhormonal therapies for the treatment of the associated bone loss and/or failure to accrue peak bone mass.
Deviations From Normal Bone Modeling and Remodeling in Anorexia Nervosa
Anorexia nervosa has a lifetime prevalence in women of~.% (), with a peak age of onset of  to  years of age (). Adolescence is a time of bone modeling and accrual, with peak calcium accretion occurring at a mean of . years of age (6. SD) in girls (); therefore, alterations in the rate of bone formation during adolescence may have lifelong impact with respect to bone structure and fragility. Although histomorphometric data in adolescents with anorexia nervosa do not exist, markers of bone formation have been used as a surrogate for bone formation in this population, as bone formation markers have been shown to be correlated with histomorphometrically derived mineral apposition rates in adults (). As compared with normal-weight adolescents, girls with anorexia nervosa have lower levels of bone formation markers and similar levels of surrogate markers of bone resorption (-), suggestive of overall decreased bone accrual and a low remodeling state. A study by Seeman et al. () exploited differences in rates of bone growth and accrual in the axial vs appendicular skeleton () before as compared with after puberty to demonstrate differential sites of deficits in individuals with anorexia nervosa, depending on when anorexia nervosa developed. Girls who developed anorexia nervosa before  years of age were found to have similar deficits in bone width in the vertebral body and femoral neck, whereas those who developed anorexia nervosa during puberty (. to  years of age) had a greater reduction in vertebral body width as compared with femoral neck width likely due to the fact that there is an axial growth spurt during puberty and appendicular growth occurs more rapidly before puberty (, ). These reductions in bone size, coupled with deficits in bone mineral accrual, which the authors observed correlated with duration of disease, have important implications for site of future fracture risk in women with a history of anorexia nervosa () and may explain persistently low BMD in adults who were diagnosed with anorexia nervosa during adolescence but have recovered from the disease ().
In contrast to adolescents with anorexia nervosa who have low levels of bone formation markers and similar levels of bone resorption markers as compared with healthy controls, adult women with anorexia nervosa have suppressed markers of bone formation and elevated levels of bone resorption markers when compared with healthy controls (-). This difference may be due to the fact that prepubertal adolescents all have low estrogen levels, whereas most adult women with anorexia nervosa are hypoestrogenemic relative to healthy, normal-weight women (see "Hypoestrogenemia" below), and estrogen deficiency is associated with accelerated bone remodeling and increased osteoclast longevity (-). Therefore, in contrast to the likely low remodeling state in adolescents with anorexia nervosa, in adult women hypoestrogenemia may result in greater remodeling activity but with resultant bone loss due to decreased bone formation within each basic multicellular unit-a unit of space within bone consisting of osteoblasts and osteoclasts where remodeling occurs (). Because histomorphometric data in women with anorexia nervosa are scant-there are a total of six reports in the literature of tetracycline-labeled
ESSENTIAL POINTS
· Anorexia nervosa is a psychiatric disorder characterized by self-induced starvation and the inability to maintain a normal body weight · Nearly 90% of women with anorexia nervosa have low bone mineral density, and the disorder is associated with an increased risk of fracture · The bone loss in anorexia nervosa is primarily the result of hormonal adaptations to chronic caloric deprivation · Both hormonal and nonhormonal therapeutic strategies may be effective in reducing the bone loss associated with this disorder biopsies in women with anorexia nervosa (-)-bone formation and resorption markers are a surrogate means of understanding bone remodeling in this disease. The first report of a tetracycline-labeled biopsy in anorexia nervosa was of a single adult patient who sustained a fracture of the proximal femur (); histomorphometry demonstrated minimal osteoblastic activity and increased resorptive surfaces and a slight elevation in osteoclast number (), consistent with the bone turnover marker data in adults.
Although markers of bone formation and resorption are simply surrogate markers of osteoblast and osteoclast activity, the differences observed in adults as compared with adolescents may explain differences observed in response to treatments for low BMD in adults with anorexia nervosa as compared with adolescents. For example, although  months of treatment with bisphosphonates significantly increased spine and hip BMD in adult women with anorexia nervosa as compared with placebo-treated patients () (see "Treatment of Low BMD in Anorexia Nervosa" below), in adolescent girls, there was no significant difference in change in spine or femoral neck BMD in those treated with  months of bisphosphonates as compared with placebo (). This difference may be due to the fact that bisphosphonates are antiresorptive agents and act by decreasing rates of bone remodeling (). Therefore, bisphophonates may have more of an effect in hypoestrogenemic adults with anorexia nervosa who likely have a higher rate of remodeling as compared with adolescents with anorexia nervosa and their overall low remodeling state.
Hormonal Adaptations to Nutrient Deprivation
For hormonal adaptations to starvation potentially contributing to the low-bone-mass state of anorexia nervosa, see Table  (-).
Functional hypothalamic amenorrhea

Hypoestrogenemia
Most postpubertal girls and women with anorexia nervosa are amenorrheic, and this was previously part of the diagnostic criteria for the disease prior to the current version of the Diagnostic and Statistical Manual of Mental Disorders (DSM-) (, ). Amenorrhea in anorexia nervosa is a result of disruption of the GnRH secretory pattern, which results in low-amplitude LH pulsatility (-). Although the resulting hypogonadotropic hypogonadism diverts energy away from the costly process of reproduction during periods of nutrient deficiency, the hypoestrogenemic state is an important factor contributing to the loss of bone mass in anorexia nervosa. Estrogen deficiency is characterized by higher rates of bone remodeling, an increase in surrogate markers of bone resorption, and bone loss (, , , ), and in anorexia nervosa, duration of amenorrhea is correlated with decreased spine and femoral neck BMD (, ). Importantly, although there is normalization of the GnRH secretory pattern with weight recovery (), because this disorder affects girls and women during the time of critical bone mass accrual, the impact of the amenorrhea can be long term (, ). A study comparing women with anorexia nervosa who developed amenorrhea before as compared with after the age of  years found that those who developed amenorrhea during adolescence had significantly lower spine BMD as compared with those who developed amenorrhea after the age of  years, despite both groups having similar durations of amenorrhea (). Therefore, the time of onset of amenorrhea, and specifically its relationship to puberty, is also an important predictor of future BMD ().
Although estrogen deficiency is an important contributor to the loss of bone mass in anorexia 
FGF21
Low or similar to normal-weight controls FGF21 levels are associated with worsened parameters of bone microarchitecture (54) (55) (56) (57) Leptin Low Low leptin levels are associated with decreased BMD in anorexia nervosa and worsened microarchitectural parameters (11, (58) (59) (60) (61) nervosa, treatment with oral estrogen does not improve BMD in women with this disease. Although retrospective studies suggested beneficial effects of oral estrogen in the form of oral contraceptive pills (), randomized and/or prospective studies of oral estrogen have shown no difference in BMD in those receiving oral estrogen as compared with placebo (-), except in the subset of very low-weight patients (,% of ideal body weight) (). Importantly, compliance with estrogen use was monitored and confirmed in at least one of the studies by vaginal smears for evaluation of epithelial estrogenization (). In contrast, in a study investigating the effects of predominantly transdermal estrogen replacement in adolescents with anorexia nervosa, we demonstrated a .% increase in spine BMD after  months compared with the untreated group whose spine BMD increased ,.% (); importantly, however, the BMD in the treated group still remained lower than in normal controls (). It is not known why there is a difference in BMD response to oral as compared with transdermal estrogen in anorexia nervosa, but the difference may be due to the route of estrogen administration and/ or the doses of estrogen used. For example, in postmenopausal women, oral estrogen has been shown to suppress IGF--a bone anabolic hormone that is already decreased in states of undernutrition () and levels of which have been positively associated with BMD in women with anorexia nervosa ()-whereas transdermal estrogen does not have the same IGF--suppressing effect (, ). Furthermore, higher doses of oral estrogen, such as those found in oral contraceptive pills, suppress IGF- more than do lower doses of oral estrogen (). Studies are currently underway investigating the role of physiologic, transdermal estrogen replacement in the treatment of low bone mass in adult women with anorexia nervosa. It is important to note that the subset of women with anorexia nervosa who are eumenorrheic and do not develop hypogonadism also have low BMD (), underscoring the fact that hypoestrogenemia is not the only factor contributing to loss of bone mass in this population.
Low testosterone
Levels of testosterone, an androgen produced in part by the ovary, adrenal glands, and peripheral conversion of androgen precursors, are also low in women with anorexia nervosa (, ) and have been associated with low BMD and worsened parameters of bone microarchitecture (, ). However, a randomized, double-blind, study in women with anorexia nervosa found no effect of transdermal testosterone on BMD at a dose targeted to keep testosterone levels in the normal range (). Therefore, low levels of testosterone are not likely a significant contributor to loss of bone mass in this population.
GH resistance
Acquired GH resistance is another important adaptation that decreases energy expenditure in states of undernutrition (-), but it is also an important contributor to the loss of bone mass in anorexia nervosa. GH resistance is characterized by elevated levels of GH coincident with low levels of IGF-, a hormone secreted by the liver in response to GH stimulation. Elevated levels of GH are critical during periods of starvation, as they help maintain a state of euglycemia () in part through fat mobilization (), but the growth-promoting effects of GH, mediated predominantly by IGF-, would be maladaptive during periods of nutrient deficiency. Therefore, GH resistance is a hormonal adaptation that allows for an uncoupling of the GH-IGF- axis during starvation.
Ghrelin as a mediator of GH resistance
In the setting of undernutrition, GH levels rise in part through a positive feedback response to the low IGF- levels () and via stimulation by ghrelin, an orexigenic hormone secreted by the fundal cells of the stomach. Ghrelin levels drop in response to food intake, and both girls and women with anorexia nervosa have higher ghrelin levels as compared with normal-weight controls (-). By attaching to its receptor, the GH secretagogue receptor (GHSR) a, the active form of ghrelin, acylated ghrelin, stimulates GH release and thereby is an important mediator of increased GH levels. Despite having higher total ghrelin levels as compared with normal-weight controls, women with anorexia nervosa appear to be resistant to its effects. Ghrelin is an appetite-stimulating hormone and a potent stimulator of gastric motility, and even though their levels of ghrelin are higher, women with anorexia nervosa report experiencing less hunger compared with controls, as measured by a visual analog scale (, ). Similarly, delayed gastric emptying is a common finding in anorexia nervosa with rates reported to approach % to % (-). It is not known whether this observed resistance to ghrelin is due to differences in the ratio of the active form of ghrelin (acylated ghrelin) to total ghrelin or resistance at the level of, or downstream of, GHSRa (, ). Recently, in a double-blind, randomized placebo-controlled study, we have shown that  weeks of treatment with a GHSRa agonist in women with anorexia nervosa significantly decreases gastric emptying time and leads to a trend in weight gain as compared with women randomized to placebo (). Importantly, although we were not able to quantitatively detect changes in hunger between subjects randomized to the GHSRa agonist and those randomized to placebo, three subjects dropped out of the study or stopped using the treatment due to symptoms of increased hunger and all three were randomized to the GHSRa agonist (). Therefore, this study suggests that treatment with a GHSRa agonist can potentially overcome the observed resistance to the effects of endogenously secreted ghrelin and that the resistance does not occur downstream from the receptor. Further studies will be necessary to determine whether this will be a safe, effective, long-term treatment for individuals with anorexia nervosa.
Women with anorexia nervosa may also be resistant to other effects of ghrelin, including potential bone anabolic effects. In rodent models, GHSRa has been identified on osteoblast-like cells and ghrelin treatment has been shown to increase cell proliferation (). In vivo administration of ghrelin in rat models also leads to increases in BMD (). In humans, ghrelin levels are positively associated with BMD in normal-weight girls, but not in adolescent girls with anorexia nervosa (, ). In fact, in adolescent girls with anorexia nervosa there is an inverse association between baseline ghrelin level and longitudinal change in BMD (). Whether treatment with a ghrelin agonist in women with anorexia nervosa overcomes the resistance to the potential bone anabolic effects of ghrelin is not known.
Nutrient regulation of IGF-1 Therefore, in part through the effects of ghrelin, levels of GH are elevated in anorexia nervosa but levels of IGF--the hormone secreted by the liver in response to GH stimulation and that mediates most of the growth-promoting effects of GH-are low. In addition to being regulated by GH, IGF- is also exquisitely sensitive to nutritional cues. Levels of IGF- decrease by % after only  days of fasting in normal women () and they are % lower in women with anorexia nervosa as compared with normal-weight controls (). Of note, the decrease in IGF- levels in healthy, fasting women was accompanied by a significant decrease in markers of bone formation (). Despite a continued fast for an additional  days, administration of recombinant human IGF- led to markedly increased surrogate markers of bone formation (), demonstrating the relationship between IGF- and bone loss during starvation. IGF- levels also rise dramatically (by %) after  days of refeeding therapy in women with anorexia nervosa (), again demonstrating the exquisite regulation of IGF- by nutrient availability. Given the fact that IGF- levels are low in chronic starvation in the setting of normal or elevated GH levels, the effects of nutritional status supersede those of GH in the regulation of IGF-. This is supported by the fact that  weeks of treatment with supraphysiologic doses of recombinant human GH do not increase IGF- levels in women with anorexia nervosa as compared with those treated with placebo, despite the fact that fat mass significantly decreases in those treated with GH (). These data suggest that the effects of GH that are critical for survival during starvation are maintained, whereas the growth-promoting effects of GH are minimized in anorexia nervosa.
Low levels of IGF-, a bone anabolic hormone, are also an important contributor to the loss of bone mass in individuals with anorexia nervosa. IGF- has been shown to be a chemotactic factor, inducing osteoblast recruitment (), and in an in vitro rodent model, IGF- increases bone collagen content (). In women with anorexia nervosa, IGF- levels are positively associated with BMD () and treatment with recombinant human IGF- increases surrogate markers of bone formation in anorexia nervosa (). Nine months of treatment with recombinant human IGF- in combination with oral estrogen increases lumbar spine BMD by .% in women with anorexia nervosa (), further demonstrating the important contribution of low IGF- levels to low bone mass in this disease. The impact on BMD of coadministration of IGF- with estrogen to adolescents with anorexia nervosa is currently under investigation.
Fibroblast growth factor 21
Although the mechanism by which IGF- secretion is regulated by nutrient status in humans is not known, fibroblast growth factor (FGF) may be an important factor (Fig. ) . FGF is a hormone secreted by the liver in states of starvation in both mice (-) and humans (). FGF transgenic mice are phenotypically similar to individuals with anorexia nervosa; that is, their core body temperature and body weight are lower than those of wild-type littermates (, ) and they manifest GH resistance (). The failure of GH to induce IGF- secretion in FGF transgenic mice is secondary to a reduction in STAT, a key transcription factor in GH signaling (). In anorexia nervosa, FGF may also be a key mediator of GH resistance; FGF levels are inversely associated with IGF- and positively associated with GH area under the curve () in adolescent girls with anorexia nervosa. In murine models and the human model of chronic starvation, that is, anorexia nervosa, FGF has also been associated with decreased bone mass, worsened bone microarchitecture parameters, and decreased bone strength (, ). Whether these effects are independent of or due to FGF's effects on IGF- is not known.
Adrenal steroids
Hypercortisolemia
States of physiologic stress, including starvation, can lead to activation of the hypothalamic-pituitaryadrenal axis and an increase in levels of cortisol, an important counterregulatory hormone (). In anorexia nervosa, cortisol levels are higher than those in "Weight recovery, coupled with a resumption of menses, remains the most effective long-term treatment for bone loss in anorexia nervosa."
normal-weight controls and may be frankly elevated in a subset of patients (-). The hypercortisolemia, which is the result in part of a decrease in cortisol clearance and an increase in the half-life of cortisol in the setting of a normal circadian pattern of cortisol secretion (), has been shown to normalize with weight recovery (, ). Importantly, elevated cortisol levels are likely a significant contributor to the loss of bone mass in states of undernutrition. The mechanisms by which elevated cortisol levels contribute to the loss of bone mass include () a decrease in calcium absorption in the intestine and likely an increase in urinary calcium excretion (-), () a decrease in bone formation due to both a reduction in osteoblast proliferation () as well as a decrease in IGF- synthesis in bone-specific cells (), and () increased bone resorption through inhibition of GnRHinduced gonadotropin secretion () and potentially via increased PTH receptor expression in osteoblasts (). In clinical studies of individuals with anorexia nervosa, adolescent girls have been shown to have a relative decrease in calcium absorption and increase in urinary calcium excretion concomitant with increased urinary free cortisol levels (). Various measures of cortisol, including urinary cortisol and pooled overnight cortisol levels, have also been negatively associated with both markers of bone formation and BMD in girls and women with anorexia nervosa (, , ). Therefore, increased cortisol levels are observed in states of undernutrition, including anorexia nervosa, and are likely an important mediator of the loss of bone mass.
Dehydroepiandrosterone
In contrast to cortisol, women with anorexia nervosa have low levels of an adrenal androgen precursor, dehydroepiandrosterone (DHEA), and its sulfated form, DHEA-S (, ), which have been associated with increased bone resorption () and decreased BMD (). There have been several studies investigating the effects of treatment with DHEA on BMD in anorexia nervosa. Treatment with DHEA for  months or  year did not improve BMD in girls and women randomized to DHEA as compared with placebo (, ), whereas  months of treatment in conjunction with oral contraceptives led to maintenance of both BMD and hip structural geometry compared with the placebo-treated group in whom a loss of these parameters was observed (, ). Therefore, low levels of DHEA may be a factor in the loss of bone mass in anorexia nervosa.
Nonthyroidal illness syndrome
Individuals with anorexia nervosa have low levels of thyroid hormone levels (T and T) with normal levels Figure 1 . Neuroendocrine adaptations to starvation contributing to loss of bone mass in anorexia nervosa. GH resistance-normal or elevated GH levels in the setting of low IGF-1 levels-may be mediated by FGF21 in states of starvation (55, 109) . Low estradiol levels, secondary to hypothalamic amenorrhea, are likely a consequence of low leptin levels and elevated cortisol levels. Low IGF-1 levels, low estradiol levels, and elevated cortisol levels all contribute to the loss of bone mass in anorexia nervosa. of TSH and elevated levels of reverse T, which are hallmarks of the nonthyroidal illness syndrome (-). Low T and T levels without an expected increase in TSH suggests a central source of suppression and is likely an adaptive response to decrease energy expenditure in the setting of poor nutrient availability. T levels increase with weight gain in anorexia nervosa (, ) and are positively associated with changes in resting energy expenditure (), demonstrating the reversibility of this adaptive response.
Although loss of bone mass is characteristic of states of hyperthyroidism (), low levels of thyroid hormone and possibly TSH may also be associated with abnormal skeletal development and homeostasis (). Thyroid hormone receptors have been identified on human osteoblasts (), and in murine models, mice lacking thyroid hormone receptors have decreased trabecular BMD and increased marrow adiposity (), a characteristic finding in girls and women with anorexia nervosa that has been inversely associated with BMD (, ). IGF-, a bone anabolic hormone, also increases with normalization of thyroid hormone levels in individuals with hypothyroidism and levels of IGF- are positively associated with free T and T levels (), suggesting another mechanism by which low levels of thyroid hormone may affect BMD. Despite this possible contribution of low thyroid hormone levels to the low-bone-mass state in anorexia nervosa, nonthyroidal illness syndrome is an adaptive mechanism that likely prevents unnecessary energy expenditure during nutrient deprivation and therefore should not be treated with thyroid hormone replacement.
Alterations in Adipokine Levels and Levels of Appetite-Regulating Hormones
For hormonal adaptations to starvation potentially contributing to the low-bone-mass state of anorexia nervosa and other potential mediators of low bone mass in anorexia nervosa, see Tables  and  (-), respectively.
Low leptin levels Levels of leptin, an anorexigenic hormone secreted predominantly by subcutaneous adipose tissue, are decreased in states of starvation, including anorexia nervosa (, ). Leptin is likely an important mediator between nutrient availability and hypogonadotropic hypogonadism. In women with functional hypothalamic amenorrhea, LH pulse frequency increases after only  weeks of treatment with recombinant human leptin (), and in a randomized placebo-controlled study, more women with functional hypothalamic amenorrhea recovered menstruation in the group treated with recombinant human leptin as compared with placebo-treated patients (). In women with functional hypothalamic amenorrhea, treatment with recombinant human leptin increases osteocalcin and bone-specific alkaline phosphatase levels, two markers of bone formation (), and in anorexia nervosa, leptin is positively associated with BMD (, ) and microarchitectural parameters (). However, an important potential side effect of treatment with recombinant human leptin is weight loss, which may be due to decreased appetite (). In a randomized, placebo-controlled study of  women with hypothalamic amenorrhea (), one participant had to be removed from the study due to significant weight loss (.% of baseline body weight) and  additional participants out of the  subjects in the recombinant human leptin group required dose reductions due to weight loss (). Although changes in appetite were not directly measured, self-reported caloric intake was similar in both groups during the course of the study (). The treatment group also had a significant loss of fat mass (mean loss of . kg) during the -week study compared with participants in the placebo group, but whether this was due to leptin-induced lipid mobilization could not be determined (). Therefore, until the mechanisms underlying the loss of weight and fat mass are better delineated so that these side effects can be prevented, recombinant human leptin is not a plausible treatment for bone loss in individuals with anorexia nervosa.
Elevated peptide YY levels
Girls and women with anorexia nervosa have significantly higher levels of peptide YY (PYY), an intestinally secreted hormone with anorexigenic properties (, ). Whether these inappropriately elevated levels contribute to the decreased sensation of hunger reported by individuals with anorexia nervosa () and the decreased nutrient intake is not known. Importantly, elevated levels of PYY may contribute to the loss of bone mass in anorexia nervosa. In animal models, the PYY receptor system inhibits bone formation; the Y receptor is located both in neuronal tissue as well as bone, and osteoblast-specific Y receptor knockout mice have increased trabecular thickness, number, and increased femoral trabecular bone volume due to increased osteoblast activity (). Similarly, mice who lack the Y receptor have increased trabecular bone volume, trabecular number, and trabecular thickness (). Additionally, whereas PYY knockout mice have increased BMD in the lumbar vertebrae and greater trabecular bone volume in the femur as compared with wild-type mice, PYY overexpressing female mice have decreased femoral BMD and decreased trabecular bone volume in the both the femur and lumbar vertebrae as compared with wild-type littermates (). Elevated PYY has been associated with decreased BMD in both girls and women with anorexia nervosa (, ), suggesting that this hormone may also be a mediator of the low-bonemass state characteristic of anorexia nervosa.
Elevated adiponectin levels
Paradoxically, normal-weight individuals have higher levels of adiponectin, an adipocyte-derived hormone, compared with those who are obese (). In most studies, individuals with anorexia nervosa have higher total adiponectin levels as compared with normalweight controls (-). These higher levels of adiponectin may be an important determinant of bone mass in anorexia nervosa. In vitro studies demonstrate that adiponectin negatively affects bone, predominantly by increasing RANK ligand, an osteoclast activator (). In murine models, mice that transgenically overexpress adiponectin are observed to have decreased femoral bone mineral content and strength as compared with wild-type littermates of similar weight (). Similarly, in anorexia nervosa, adiponectin is negatively associated with BMD (), suggesting that high adiponectin levels may be a determinant of low bone mass in this disease.
Low oxytocin levels
Low oxytocin levels may also be a determinant of low bone mass in anorexia nervosa. Levels of oxytocin, a hormone secreted by the posterior pituitary, are lower in anorexia nervosa than in normal-weight controls (). Oxytocin, which serves important functions during childbirth and lactation by promoting uterine contractions and mediating milk ejection, may also regulate appetite (-) and be a hormonal determinant of bone mass (). In murine models, mice deficient in oxytocin or its receptor have decreased bone mass (), and subcutaneous oxytocin treatment in osteoporotic mice improves parameters of trabecular bone microarchitecture () and decreases marrow adipocyte number, another possible mediator of low bone mass. In anorexia nervosa, an integrated measure of overnight oxytocin levels obtained by pooling overnight frequent samples, was shown to be positively associated with spine and hip BMD (, ).
Low amylin levels
Amylin, a hormone that is cosecreted with insulin by the b cells of the pancreas, is a regulator of bone resorption in mouse models (). In amylin-deficient mice, cortical and trabecular thickness are decreased as compared with wild-type mice, despite similar body weight, fat pad weight, and food intake (). Similarly, women with anorexia nervosa have lower amylin levels compared with normal-weight controls, and amylin is positively associated with BMD of the spine and hip (). Therefore, low amylin levels may also be a significant contributor to low bone mass in anorexia nervosa.
Other Potential Mediators of Loss of Bone Mass
For other potential mediators of low bone mass in anorexia nervosa, see Table  .
Decreased nutrient intake and electrolyte abnormalities
Calcium and vitamin D Although women with anorexia nervosa are in a state of negative energy balance due to insufficient caloric intake, inadequate intake of calcium and vitamin D is likely not an important contributor to the low bone mass observed in this disease. Compared with normalweight girls, adolescent girls with anorexia nervosa consume more calcium and vitamin D, predominantly through supplements (). Adolescent girls with anorexia nervosa are also less likely to be vitamin D deficient compared with their normal-weight counterparts (, ). Therefore, calcium and vitamin D deficiency are not important mediators of loss of bone mass in anorexia nervosa, unless inadequate supplementation causes significant vitamin D deficiency.
Protein
Girls and women with anorexia nervosa are in an overall state of negative energy balance. Importantly, individuals who consume sufficient calories may still be at risk for bone loss in the setting of isolated nutrient deficiencies. For example, isolated protein deficiency has been associated with low IGF- levels () and decreased cortical bone thickness (). Low protein intake in the setting of a vegetarian diet in normal-weight individuals has also been associated with low BMD (). Multiple studies examining macronutritent intake in adolescent girls with anorexia nervosa have shown no difference in protein intake in the individuals with anorexia nervosa as compared with normal-weight controls (, , ), suggesting that low protein intake does not independently contribute to low BMD in individuals with anorexia nervosa.
Hyponatremia
Low solute intake is associated with a decreased ability to excrete free water and resultant hyponatremia. Therefore, girls and women with anorexia nervosa are at risk for hyponatremia, and % to % of women with anorexia nervosa have low plasma sodium levels (, ). In rodent models, hyponatremia is associated with loss of BMD (), likely due, in part, to increased osteoclast formation and activity (). Hyponatremia has also been associated with a . increased odds of femoral neck osteoporosis in a large population-based study (), and in studies of both women () and men (), hyponatremia is an independent predictor of fracture. We have shown that in women with anorexia nervosa, those with hyponatremia (plasma sodium , mmol/L) have lower BMD at the spine and hip as compared with those without hyponatremia, even after controlling for age, body mass index, and disease duration (). Therefore, low plasma sodium levels may contribute to the low BMD in individuals with anorexia nervosa.
Exercise Weight-bearing exercise is an important determinant of BMD in normal populations (). In a group of healthy, normal-weight and overweight adults randomized to either weight loss through caloric restriction or weight loss through increased physical activity, despite losing similar amounts of weight (a mean of .% to .% weight loss during  months), those randomized to caloric restriction lost a mean of .% of BMD at their lumbar spine and hip, whereas those randomized to exercise did not exhibit significant changes in BMD during the -month study (). Therefore, in healthy populations, physical activity in the setting of weight loss appears to have bone-protective effects. Multiple studies have also investigated the effects of exercise and physical activity on bone in individuals with anorexia nervosa, but in this population, the results have been mixed. A number of studies in both adolescents and adults have shown a positive association between physical activity level and BMD in the hip, spine, and radius (, , -), whereas other studies have shown no correlation between BMD and degree of physical activity (, , ). Importantly, one study demonstrated a dose-dependent effect, such that individuals who were moderate exercisers, defined as  to  h/wk of physical activity, had the highest spine and femoral neck BMD compared with individuals who exercised , h/wk or . h/wk (). Data collection in these studies was predominantly based on individual recall and selfreport of activity, making interpretation of the results even more challenging, but given the fact that physical activity may be associated with delayed menarche and amenorrhea () and will result in increased caloric requirements, the totality of the data do not support encouraging exercise as a means of protecting BMD in this population, but moderate physical activity likely need not be discouraged either.
Depression and use of psychotropic medications
Depression is a common comorbidity in girls and women with anorexia nervosa, and depressive symptoms have been associated with low BMD in this population, potentially mediated in part by elevations in cortisol levels (, ). Both selective serotonin reuptake inhibitors (SSRIs) and antipsychotics are commonly prescribed medications in this population (). Mouse models have demonstrated impairments in bone mineral accrual in predominantly weightbearing sites with SSRI treatment (). SSRIs have also been associated with decreased BMD in adolescents (), bone loss in postmenopausal women (), and an increased risk of fracture (). Two studies in adolescents with anorexia nervosa have demonstrated that SSRI use is a predictor of low BMD in this population, although depressive symptoms were not controlled for in either study (, ). Therefore, whether SSRIs are an independent mediator of low BMD in this population is not known. Atypical antipsychotic medications, another psychotropic medication frequently prescribed in this population (), have been associated with hyperprolactinemia (), low BMD (), and increased fracture risk (). Thus, it is possible that use of antipsychotic medications also contributes to low BMD in this population.
Marrow fat and preadipocyte factor-1 Marrow adipose tissue may be an important determinant of BMD and fracture risk. We have reported that levels of marrow adipose tissue are elevated in anorexia nervosa, a disease state characterized by low levels of subcutaneous and visceral adipose tissue (). Although the function of marrow adipose tissue is not currently known, the fact that this fat depot increases in size when lipid is actively being used as an energy source suggests that marrow fat serves an important role. Marrow adipose tissue has been associated with measures of decreased bone integrity (), and in anorexia nervosa, levels of marrow adipose tissue are inversely associated with BMD () and with estimated bone strength (). However, it is unknown whether marrow adipose tissue is a significant determinant of the increased fracture risk observed in anorexia nervosa. Understanding the determinants of marrow adipose tissue and its association with bone metabolism will be critical to determining the role and function of this fat depot.
One potential determinant of marrow adipose tissue is preadipocyte factor (Pref)-, a member of the epidermal growth factor family of proteins. Circulating Pref- levels are higher in anorexia nervosa as compared with healthy controls, and although Pref- has been shown to inhibit both adipocyte and osteoblast differentiation (), Pref- is positively associated with marrow adipose tissue in anorexia nervosa (, ). In women with anorexia nervosa, BMD is also inversely associated with Pref- (, ). Importantly, however, it is not known whether Pref-'s association with BMD is independent of its effects on marrow adipose tissue. Further studies are necessary to better delineate the relationship between Pref-, marrow adipose tissue, and BMD.
Sclerostin and dickkopf-related protein 1 Secreted by osteocytes, sclerostin is an inhibitor of bone formation through Wnt signaling inhibition. In rodent models, treatment with a sclerostin monoclonal antibody increases bone mass and strength (). In postmenopausal women, treatment with a sclerostin monoclonal antibody for  months also increases spine and hip BMD (, ). It is not known whether sclerostin is a mediator of bone loss in anorexia nervosa. Although sclerostin levels are higher in individuals with anorexia nervosa as compared with normal-weight controls (), sclerostin does not mediate the increases in BMD observed with physiologic estrogen replacement in girls with anorexia nervosa () or the increases in spine BMD observed in teriparatide-treated women with anorexia nervosa ().
Dickkopf-related protein (DKK) is also a Wnt signaling pathway inhibitor. Unlike sclerostin, DKK levels are low in anorexia nervosa (). Although DKK levels have been shown to be positively associated with bone formation markers () in individuals with anorexia nervosa, no associations between DKK and BMD have been observed in this disorder. Therefore, further studies are needed to better understand whether sclerostin and/or DKK are mediators of anorexia nervosa-associated bone loss.
Treatment of Low BMD in Anorexia Nervosa
For therapies that have shown efficacy in the treatment of low bone mass in anorexia nervosa, see Table  ().
Amenorrheic women with anorexia nervosa have a rate of bone loss of .% per year in the spine and .% per year in the hip (). Weight recovery, coupled with a resumption of menses, remains the most effective long-term treatment for bone loss in women with anorexia nervosa, as recovery results in a .% per year increase in spine BMD and a .% per year increase in hip BMD (). However, as only % to % of women with anorexia nervosa recover even two decades after their diagnosis (, ), therapeutic treatment options must be considered in this population to reduce the chronic bone loss and the significantly increased fracture risk observed in individuals with anorexia nervosa.
Given the hypogonadotropic hypogonadism characteristic of this disease, hormonal treatments including estrogen, testosterone, and DHEA have been extensively investigated. Whereas oral estrogen, predominantly in the form of oral contraceptive pills, does not improve BMD in adult women (, ) or adolescents () with anorexia nervosa,  months of treatment with physiologic, predominantly transdermal estrogen replacement increases spine BMD by .% in adolescent girls (). Oral estrogen has been shown to be effective in maintaining BMD in a population of adolescent and adult women with anorexia nervosa when combined with the androgen precursor DHEA (, ), and oral estrogen increases spine BMD by .% in adult women with anorexia nervosa when combined with recombinant human IGF- for  months, although treatment with recombinant human IGH- alone showed no effect (). Therefore, although oral estrogen alone does not increase bone mass, or prevent its decline in anorexia nervosa, an estrogen-replete state appears necessary for other hormonal therapies to affect bone mass.
Other treatments that have been investigated in girls and women with anorexia nervosa include shortterm treatments for hospitalized patients as well as more long-term antiresorptive and anabolic treatments. In hospitalized patients, standing on a platform that delivers low-magnitude mechanical stimulation for  minutes per day for  days prevented decreases in bone-specific alkaline phosphatase, a marker of bone formation (), and therefore further studies will be necessary to determine whether this is an effective means of reducing loss of bone mass in anorexia nervosa. We have reported that oral bisphosphonate therapy and the anabolic agent teriparatide are very effective in increasing BMD in adults with anorexia nervosa. Treatment with  months of an oral bisphosphonate increased spine and hip BMD by % to % compared with placebo (), and  months of treatment with teriparatide increased spine BMD by % to % () in adult women with anorexia nervosa. In contrast, in a population of adolescents treated with a bisphosphonate for  months, there was no significant difference in change in BMD in the treatment group as compared with the placebo group (), likely due to differences in bone remodeling rates in the adolescent vs adult populations (see "Deviations From Normal Bone Modeling and Remodeling in Anorexia Nervosa" above) and underscoring the importance of evaluating treatments for bone loss in both adult and adolescent populations. Importantly, we do not know the effect of any of these treatments on fractures in individuals with anorexia nervosa and none of the described studies extended beyond  months. Additionally, there are no studies investigating how to treat individuals with persistently low BMD after recovery from anorexia nervosa. Therefore, future studies are necessary to better assess the long-term effects and safety of these promising treatments on bone mass in girls and women with anorexia nervosa and to determine the best treatment strategies for individuals with persistently low BMD after recovery.
Conclusions
Anorexia nervosa is a psychiatric illness in which individuals are unable to maintain a normal weight due to inappropriate caloric intake (, ). Only~% to % of women with this disorder recover . years after their initial diagnosis and therefore the state of negative energy balance is chronic for many patients with anorexia nervosa (, ). The hormonal adaptations that confer a survival advantage during short periods of nutrient deficiency, including hypogonadotropic hypogonadism and GH resistance, are important mediators of the significant loss of bone mass (, ) and increased risk of fracture observed in individuals with anorexia nervosa (, ). Given the chronicity of this disorder, therapeutic treatment strategies are critical to prevent this long-term bone loss and increased fracture risk. Although there are no approved treatments for bone loss in this population, a number of therapies have been investigated in shortterm studies and have demonstrated efficacy. However, a number of significant unmet challenges remain for the treatment of bone loss in anorexia nervosa. These include the lack of long-term treatment options for loss of bone mass, particularly for the % to % of patients that do not recover from anorexia nervosa even  years after diagnosis (, ). Although teriparatide and bisphosphonates have shown promise in increasing BMD in adult women with anorexia nervosa, neither of these treatments is a long-term option owing to the fact that teriparatide is only approved for  months of use and because of the increased risk of atypical femoral fractures with long-term bisphosphonate use (). Additionally, more personalized treatment protocols that address the differential patterns of bone loss that may develop in individuals based on the timing of anorexia nervosa onset () may help address the difficult challenge of treating long-term loss of bone mass and increased fracture risk in individuals who developed the disease during adolescence but have since recovered (, ). Therefore, future studies are necessary to optimize treatment strategies for the loss of bone mass and increased fracture risk in anorexia nervosa.
